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Enhanced Self-Renewal
of Hematopoietic Stem Cells Mediated
by the Polycomb Gene Product Bmi-1
of transcriptional activators of the trithorax group (TrxG)
proteins and repressors of the PcG (Jacobs and van
Lohuizen, 2002; Orland, 2003). PcG proteins form multi-
protein complexes that play an important role in the
maintenance of transcriptional repression of target
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Mel-18, Mph1/Rae28, M33, Scmh1, and Ring1A/B. Eed-University of Tokyo
containing complexes control gene repression throughTokyo 108-8639
recruitment of histone deacetylase followed by localJapan
chromatin deacetylation and by methylation of histone2Department of Pediatrics
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has yet been reported with regard to Bmi-1-containingNagano 390-8621
complexes. However, Bmi-1 complexes antagonizeJapan
chromatin remodeling by the SWI-SNF complex (Shao3Department of Developmental Biology
et al., 1999) and are recruited to methylated histone H3National Institute for Basic Biology
Lysine 27 via M33 chromodomain to contribute to theAichi 444-8585
static maintenance of epigenetic memory (Fischle etJapan
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axis by regulating Hox gene expression patterns duringYokohama 230-0045
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The Bmi-1-containing complex has been implicated
in the maintenance of hematopoietic and leukemic stemSummary
cells (HSC) (Ohta et al., 2002; Park et al., 2003; Lessard
and Sauvageau, 2003). Mph1/Rae28/ fetal liver con-The Polycomb group (PcG) gene Bmi-1 has recently
tains 20-fold fewer long-term lymphohematopoietic re-been implicated in the maintenance of hematopoietic
populating HSCs than wild-type (wt) (Ohta et al., 2002).stem cells (HSC) from loss-of-function analysis. Here,
More importantly, although Bmi-1/mice show normalwe demonstrate that increased expression of Bmi-1
development of embryonic hematopoiesis, Bmi-1/promotes HSC self-renewal. Forced expression of
HSCs have a profound defect in self-renewal capacity.
Bmi-1 enhanced symmetrical cell division of HSCs and
They cannot repopulate hematopoiesis long term, lead-
mediated a higher probability of inheritance of stem-
ing to progressive postnatal pancytopenia (Park et al.,
ness through cell division. Correspondingly, forced ex- 2003; van der Lugt et al., 1994). Notably, the self-renewal
pression of Bmi-1, but not the other PcG genes, led defect is not only confined to HSC but also applicable
to a striking ex vivo expansion of multipotential pro- to leukemic stem cells and neuronal stem cells (Lessard
genitors and marked augmentation of HSC repopulat- and Sauvageau, 2003; Molofsky et al., 2003). So far, the
ing capacity in vivo. Loss-of-function analyses re- defective self-renewal of HSC has been attributed to
vealed that among PcG genes, absence of Bmi-1 is derepression of Bmi-1 target genes p16Ink4a and p19Arf,
preferentially linked with a profound defect in HSC and deficiency of these genes partially reverses the self-
self-renewal. Our findings define Bmi-1 as a central renewal defect in Bmi-1/ stem cells (Park et al., 2003;
player in HSC self-renewal and demonstrate that van der Lugt et al., 1994; Molofsky et al., 2003; Jacobs
Bmi-1 is a target for therapeuticmanipulation of HSCs. et al., 1999). More recently, Bmi-1 was reported also to
be essential to the expansion of cerebellar granule cell
Introduction progenitors, in which Bmi-1 expression is reportedly
regulated by the sonic hedgehog pathway (Leung et
Cell-type specific gene expression patterns are stabi- al., 2004). All of these findings have uncovered novel
lized by changes in chromatin structure. Cellular mem- aspects of stem cell regulation exerted by epigenetic
ory of chromatinmodificationscanbe faithfullymaintained modifications. However, the defects in HSC in Bmi-1/
through subsequent cell divisions by the counteractions mice has not yet been characterized in detail at the
clonal level in vitro and in vivo. Furthermore, important
questions remain, including the role of each component*Correspondence: aiwama@ims.u-tokyo.ac.jp (A.I.); nakauchi@ims.
of the PcG complex in HSC and the impact of forcedu-tokyo.ac.jp (H.K.)
6 These authors contributed equally to this work. expression of Bmi-1 on HSC self-renewal.
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uct composes another PcG complex, was ubiquitously
expressed. These expression profiles support the idea
of positive regulation of HSC self-renewal by the Bmi-
1-containing complex (Park et al., 2003; Lessard and
Sauvageau, 2003). To evaluate the role of uncharacter-
ized PcG components (Mel-18 and M33) in the mainte-
nance of HSCs, we performed competitive repopulation
assay with ten timesmore fetal liver cells from Bmi-1/,
Mel-18/, or M33/ mice than competitor cells. As
reported, Bmi-1/ fetal liver cells did not contribute at
all to long-term reconstitution (Figure 1B). The profound
defect of repopulating activity was confirmed in a radio-
protection assay in which Bmi-1/ hematopoietic cells
failed to ensure long-term survival of lethally irradiated
mice, although they prolonged the survival of recipients
over 21 days, indicating that their short-term repopula-
tion capacity is largely preserved (Supplemental Figure
S1A available online at http://www.immunity.com/cgi/
content/full/21/6/843/DC1/). Mel-18 is highly related to
Bmi-1 in domain structure, particularly in their N-ter-
minal Ring finger and helix-turn-helix domains. Unex-
pectedly, Mel-18/ fetal liver cells showed a very mildFigure 1. Role of Components of the Bmi-1-Containing Complex
deficiency in repopulating capacity when compared toin HSC
Bmi-1/ fetal liver cells (Figure 1B). Moreover, M33/(A) mRNA expression of mouse PcG genes in hematopoietic cells.
Cells analyzed are bone marrow CD34c-KitSca-1Lineage fetal liver cells exhibited normal repopulating capacity
marker stem cells (CD34KSL), CD34KSL progenitors, Lineage in both primary (Figure 1B) and secondary recipients
marker cells (Lin), Gr-1 neutrophils, Mac-1 monocytes/macro- (chimerism after 3 months; wt 91.6  2.0 versusM33/
phages, TER119 erythroblasts, B220 B cells, spleen Thy-1.2 92.2  3.4, n  4). As is the case with Bmi-1/ fetal
T cells, NK1.1 NK cells, B220 B cells, and thymic CD4CD8
livers, both Mel-18/ and M33/ fetal livers did notT cells (DN), CD4CD8 T cells (DP), CD4CD8 T cells (CD4SP),
show any gross abnormalities, including numbers ofand CD4CD8 (CD8SP).
(B) Competitive lymphohematopoietic repopulating capacity of PcG hematopoietic cells (data not shown). To examine the
gene-deficient HSCs. The indicated number of E14 fetal liver cells Bmi-1/ hematopoietic microenvironment, wt BM cells
from Bmi-1/, Mel-18/, or M33/ mice (B6-Ly5.2) and B6-Ly5.1 were transplanted into sublethally irradiated Bmi-1/
competitor cells were mixed and injected into lethally irradiated B6- mice. Subsequent secondary transplantation exhibited
Ly5.1 recipient mice. Percent chimerism of donor cells 4 and 12
that both Bmi-1/ BM and spleen can support long-weeks after transplantation is presented as mean  SD.
term lymphohematopoiesis, indicating again an intrinsic
defect of Bmi-1/ HSCs (Supplemental Figure S1B).
In this study, both loss-of-function and gain-of-func-
tion analysis revealed a central role for Bmi-1, but not Defective Self-Renewal and Accelerated
Differentiation of Bmi-1/ HSCsthe other components, in the maintenance of HSC self-
renewal both in vitro and in vivo and in augmentation A progressive postnatal decrease in the number of
Thy1.1lowc-KitSca-1lineage marker HSC has beenof HSC activity ex vivo. Our findings indicate that the
expression level of Bmi-1 is the critical determinant for observed in Bmi-1/ mice (Park et al., 2003). We also
observed approximately 10-fold fewer total CD34KSLthe self-renewal capacity of HSCs.
HSCs as measured by flow cytometry in 8-week-old
Bmi-1/mice (data not shown). To evaluate the prolifer-Results
ative and differentiation capacity of Bmi-1/ HSCs in
BM, we purified the CD34KSL HSC fraction, which isThe Role of Different Components of the Bmi-1-
Containing Complex in HSC highly enriched for long-term repopulatingHSCs (Osawa
et al., 1996). Bmi-1/ CD34KSL cells showed compa-Expression analysis of PcG genes in human hematopoi-
etic cells has demonstrated that Bmi-1 is preferentially rable proliferation with wt and Bmi-1/ cells for the first
week of culture, but thereafter, they proliferated poorlyexpressed in primitive cells, whereas other PcG genes,
including M33, Mel-18, and Mph1/Rae-28, are not de- (Figure 2A). Single cell growth assays demonstrated that
Bmi-1/ CD34KSL cells are able to form detectabletectable in primitive cells but upregulated along with
differentiation (Lessard et al., 1998). Our detailed RT- colonies at a frequency comparable to Bmi-1/ and
Bmi-1/ CD34KSL cells but contained 3-fold fewerPCR analysis of mouse hematopoietic cells, however,
revealed that all PcG genes encoding components of high-proliferative-potential colony-forming cells (HPP-
CFCs). Reduction of HPP-CFCs that gave rise to colo-the Bmi-1-containing complex, including Bmi-1, Mph1/
Rae-28, M33, and Mel-18, are highly expressed in nies larger than 2mm in diameter was even more promi-
nent (7-fold) (Figure 2B). All HPP colonies larger thanCD34KSL HSCs that comprise only 0.004% of bone
marrow mononuclear cells (Osawa et al., 1996), and all 1 mm in diameter were evaluated morphologically. Sur-
prisingly, most of the HPP colonies generated fromare down regulated during differentiation in the bone
marrow (BM) (Figure 1A). In contrast, Eed, whose prod- Bmi-1/ CD34KSL cells consisted of only neutrophils
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eny. In terms of differentiation, no apparent differentiation
blockhasbeenobserved inBmi-1/ lymphocytesdespite
their reduced numbers (Jacobs et al., 1999). Analysis of
myeloid progenitors in BM did not detect any propor-
tional deviations of commonmyeloid progenitors (CMP),
granulocyte/macrophage progenitors (GMP), or mega-
karyocyte/erythroid progenitors (MEP) either (Supple-
mental Figure S2), indicating that abnormal hematopoie-
sis observed in Bmi-1/mice does not accompany any
specific differentiation block in myeloid lineages.
These profound defects of Bmi-1/ HSC function
evoke the possibility that absence of Bmi-1 in HSCs
causes additional epigenetic abnormalities that are irre-
versible, and CD34KSL cells do not retain stem cell
properties anymore. Retroviral transduction of Bmi-1/
CD34KSL cells with Bmi-1, however, completely res-
cued their defects in proliferation andmultilineagediffer-
entiation potential in vitro (Figures 3A and 3B) and long-
term repopulating capacity in vivo (Figure 3D). These
findings suggest that execution of stem cell activity is
absolutely dependent on Bmi-1. BecauseMel-18/ and
M33/ mice in a C57BL/6 background die during the
perinatal period or soon after birth, we could not evalu-
ate their roles in adult BMHSCs.Wenext asked if HoxB4,
a well-characterized HSC regulator, could rescue Bmi-
1/ phenotypes. Real-time PCR analysis demonstrated
that HoxB4 expression is not significantly affected in
freshly isolated Bmi-1/ KSL cells (relative expression
in Bmi-1/ to wt KSL cells, 0.73 0.21, n  3, p  0.4).
Interestingly, expression of HoxB4 did not rescue Bmi-Figure 2. Defective Self-Renewal and Accelerated Differentiation of
Bmi-1/ HSCs 1/ HSC defects at all (Figures 3C and 3D), indicating
(A) Growth of Bmi-1/ CD34KSL HSCs in vitro. Freshly isolated that HoxB4 requires functional Bmi-1 to execute its ac-
CD34KSL cells were cultured in the presence of SCF, IL-3, TPO, tivity in HSCs.
and EPO for 14 days. The results are shown as mean  SD of Given the reported involvement of derepression of
triplicate cultures. p16Ink4a and p19Arf genes in the self-renewal defect in
(B) Single cell growth assay. 96 individual CD34KSL HSCs were
Bmi-1/ HSCs (Park et al., 2003; Lessard and Sauva-sorted clonally into 96-well microtiter plates in the presence of SCF,
geau, 2003), we examined their expression in hemato-IL-3, TPO, and EPO. The numbers of high- and low-proliferative-
potential colony-forming cells (HPP-CFC and LPP-CFC) were retro- poietic cells. As reported, both were significantly upreg-
spectively evaluated by counting colonies at day 14 (HPP-CFC and ulated in Bmi-1/ Lin cells (Supplemental Figure S3A).
LPP-CFC: colony diameter 1 mm and 1 mm, respectively). The Overexpression of p16 inhibits G1-S progression, and
results are shown as mean  SD of triplicate cultures. increased p19 causes p53-dependent growth arrest and
(C) Frequency of each colony type. Colonies derived from HPP-CFC
apoptosis (Jacobs and van Lohuizen, 2002; Park et al.,were recovered and morphologically examined for the composition
2003; Lessard and Sauvageau, 2003). However, cell cy-of colony-forming cells.
(D) Paireddaughter assay.Whena singleCD34KSLHSCunderwent cle analysis of Bmi-1/ BM cells, including KSL primi-
cell division and gave rise to two daughter cells, daughter cells were tive progenitors (Supplemental Figure S3B), did not dis-
separated by micromanipulation and were further cultured to permit criminate any difference betweenwt and Bmi-1/mice.
full differentiation along the myeloid lineage. The colonies were re- Furthermore, in single cell assays, Bmi-1/ CD34KSL
covered for morphological examination.
HSCs underwent the first cell division in a fashion similar
to that of wt control (Supplemental Figure S3C) and
showed no detectable apoptotic cell death (data notand macrophages. Bmi-1/ CD34KSL cells presented
shown), although total Bmi-1/ BM cells presented aa 9-fold reduction in their frequency of colony-forming
slight but significant increase in apoptotic cell percent-unit-neutrophil/macrophage/erythroblast/megakaryocyte
age (Supplemental Figure S3D). In addition, retrovirally(CFU-nmEM), which retains multilineage differentiation
transduced Bcl-xL had no impact on Bmi-1/ HSCscapacity compared with Bmi-1/ CD34KSL cells (Fig-
in vitro (Figures 3A and 3B). These findings indicate thature 2C). Failure of Bmi-1/ CD34KSL cells to inherit
derepression of p16 and p19 genes in Bmi-1/ HSCmultilineage differentiationpotential through successive
does not largely affect the cell cycle or survival of HSCs.cell division was obvious in a paired daughter assay
(Figure 2D). In most daughter cell pairs generated from
wt CD34KSL cells, at least one of the two daughter Augmentation of HSC Activity
by Forced Bmi-1 Expressioncells inherited nmEM differentiation potential, whereas
Bmi-1/ CD34KSL cells showed accelerated loss of An essential role of Bmi-1 in the maintenance of HSC
self-renewal capacity prompted us to determine aug-multilineage differentiation potential, leading to the lim-
ited differentiation and inefficient expansionof their prog- mentation of HSC activity by PcG genes. CD34KSL
Immunity
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Figure 3. Rescue of DefectiveBmi-1/HSC Function by Reexpres-
sion of Bmi-1 Figure 4. Ex Vivo Expansion of CFU-nmEM by Forced Expression
of Bmi-1 in HSCsWt andBmi-1/CD34KSL cellswere transducedwithGFP control,
Bmi-1, or Bcl-xl and plated in methylcellulose medium to allow col- (A) CD34KSL cells transduced with indicated PcG gene retrovi-
ony formation 36 hr after the initiation of transduction. GFP colonies ruses were cultured in the presence of SCF and TPO, and their
larger than 1 mm in diameter, which were derived from HPP-CFCs, growth was monitored. Morphology of cultured cells at day 14 was
were counted at day 14 (A) and recovered for morphological analysis observed under an inverted microscope (inset).
to evaluate frequency of each colony type (B). Wt and Bmi-1/ (B) At day 14 of culture, colony assays were performed to evaluate
CD34KSL cells transduced with HoxB4 were similarly processed the content of HPP-CFC in culture. GFP colonies derived from
(C). The results are shown as mean  SD of triplicate cultures. HPP-CFCs were examined on their colony types by morphologi-
(D) Indicated numbers ofBmi-1/CD34KSL cells were transduced cal analysis.
with either Bmi-1 or HoxB4. After 3.5 days from the initiation of (C) Net expansion of CFU-nmEM during the 14 day culture period.
transduction, cells were injected into lethally irradiated Ly5.1 recipi- The results are shown as mean  SD of triplicate cultures.
ent mice alongwith Ly5.1 competitor cells. Repopulation by rescued
Bmi-1/ CD34KSL cells was evaluated by monitoring donor cell
chimerism in peripheral blood at the indicated time points after of stem cell factor (SCF) and thrombopoietin (TPO),
transplantation. which support expansion of HSCs and progenitors
rather than their differentiation, forced expression of
Bmi-1 as well asMph1/Rae28 gave no apparent growth
advantage in culture compared with the GFP controlHSCswere transducedwithBmi-1,Mph1/Rae28, orM33
and then further incubated for 13 days (14 day ex vivo (Figure 4A). Notably, however, Bmi-1-transduced, but
notMph1/Rae28-transduced cells, contained numerousculture in total). Transduction efficiencies were over
80% in all experiments (data not shown). In the presence HPP-CFCs (Figure 4B). Morphological evaluation of the
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colonies revealed significant expansion of CFU-nmEM
by Bmi-1. Given that 60% of freshly isolated CD34KSL
cells can be defined as CFU-nmEM, as shown in Figure
2D, there was a net expansion of CFU-nmEM of 56- to
80-fold over 14 days in the Bmi-1 cultures (Figure 4C).
Unexpectedly, expression of M33 induced an adverse
effect on proliferation and caused accelerated differenti-
ation into macrophages that attached to the bottom of
culture dishes (Figure 4A). In contrast to Mph-1/Rae28
andM33, forced expression ofMel-18, a polycomb gene
that is highly related to Bmi-1 in domain structure, also
showed a mild but significant effect on CFU-nmEM
expansion, suggestive of functional redundancy be-
tween Bmi-1 andMel-18 (Figure 4C). The effect of Bmi-1
is comparable to that of HoxB4, a well-known HSC acti-
vator (Antonchuk et al., 2002) (Figure 4C). In addition,
bothBmi-1- andHoxB4-transduced cells showedhigher
proliferative potential and generated much larger colo-
nies compared with the GFP control (data not shown).
To determine the mechanism that leads to the drastic Figure 5. Forced Expression of Bmi-1 Promotes Symmetrical Cell
expansion of CFU-nmEM, which retains a full range of Division of HSCs
differentiation potential, we employed a paired daughter CD34KSL HSCs were transduced with either GFP or Bmi-1 retrovi-
ruses. After 24 hr of transduction, cells were separated clonallycell assay to see if overexpression of Bmi-1 promotes
by micromanipulation. When a single cell underwent cell division,symmetric HSC division in vitro. After 24 hr of prestimu-
daughter cells were separated again bymicromanipulation andwerelation, CD34KSL cells were transduced with a Bmi-1
further cultured to permit full differentiation along the myeloid lin-retrovirus for another 24 hr. After transduction, single
eage. The colonies were recovered for morphological examination.
cell cultures were initiated by micromanipulation. When Only the pairs whose parental cells should have retained neutrophil
a single cell underwent cell division, the daughter cells (n), macrophage (m), erythroblast (E), and megakaryocyte (M) differ-
were separated again and were allowed to form colo- entiation potential were selected. The probability of symmetrical cell
division of daughter cells transduced with Bmi-1 was significantlynies. To evaluate the commitment process of HSCs
higher than the control (p  0.044).while excluding committed progenitors from this study,
we selected daughter cells retaining nmEM differentia-
tion potential by retrospective inference. Expression of such as INK4 genes (p15INK4b, p18INK4c, and p19INK4d) and
Bmi-1 was assessed by GFP expression. As expected, Cip/Kip genes (p21, p27, and p57) was not grossly af-
forced expression of Bmi-1 significantly promoted sym- fected by Bmi-1 expression in culture (data not shown).
metrical cell division of daughter cells (Figure 5), indicat-
Analysis of percent chimerism of donor cells in each
ing that Bmi-1 contributes to CFU-nmEM expansion by
hematopoietic lineage revealed that Bmi-1-transduced
promoting self-renewal of HSCs.
HSCs retained full differentiation capacity alongmyeloid
We next performed competitive repopulation assays
and lymphoid lineages (Figure 6B). As expected fromwith 10 day ex vivo cultured cells corresponding to 20
in vitro data, HSCs transduced withM33 did not contrib-initial CD34KSL cells per recipient mouse. After 3
ute to repopulation at all (Figure 6B). We further askedmonths, mice that received Bmi-1-transduced HSCs
whether Bmi-1 could confer long-term repopulating ca-demonstrated marked enhancement of multilineage re-
pacity on CD34KSL progenitor cells. We transducedpopulation whereas repopulation mediated by GFP-
Bmi-1 or HoxB4 into CD34KSL cells and carried outtransduced HSCs was barely detectable (Figure 6A).
both in vitro and in vivo analyses. Unexpectedly, neitherThe repopulating potential in a cell population can be
Bmi-1 nor HoxB4 enhanced colony-forming efficiencyquantitated by calculating repopulation units (RU) from
of CD34KSL progenitor cells or conferred long-termthe donor cell chimerism and the competitor cell number
repopulation capacity on CD34KSL progenitor cells(Harrison et al., 1993). Bmi-1-transduced HSCs mani-
(Supplemental Figure S4).fested 35-fold higher RU compared with GFP controls
(Figure 6B). The competitive repopulation assay was
Discussionsimilarly performed in parallel by using p19/ HSCs.
We expected a drop in Bmi-1-dependent enhancement
Loss-of-function analyses of the PcG genes Bmi-1 andof repopulation because p19 is one of the targets nega-
Mph1/Rae-28 have established that they are essentialtively regulated by Bmi-1. Actually, expression of p19
for the maintenance of adult BM HSCs, but not for theand another Bmi-1 target gene, p16, was completely
development of definitive HSCs (Ohta et al., 2002; Parkrepressed by Bmi-1 in cultured cells (Figure 6C). None-
et al., 2003; Lessard and Sauvageau, 2003). Comparedtheless, expression of Bmi-1 in p19/ HSC again en-
withMph1/Rae-28/mice, however, hematopoietic de-hancedmultilineage repopulation comparedwithp19/
fects are more severe in Bmi-1/ mice and are attrib-GFP control cells (Figure 6A). A 15-fold increase in RU
uted to impaired HSC self-renewal (Park et al., 2003;was obtainedwithBmi-1-transducedp19/HSCs com-
Lessard and Sauvageau, 2003). In this study, we ob-pared toGFP-transduced p19/HSCs (Figure 6B). This
served normal development of definitive hematopoiesisdata suggest that p19 is not the main target of Bmi-1
in HSCs. Expression of other cell cycle regulator genes also inMel-18/ andM33/ fetal livers. Although both
Immunity
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complexes in definitive hematopoiesis (Lessard et al.,
1999) and indicates that Bmi-1-containing complex has
a silencing pathway of its own. The negative effect of
overloaded M33 on HSCs could be due to squelching
of PcG components by M33. In both loss-of-function
and gain-of-function analyses, Mel-18 appeared to have
a mild but significant biological function in HSCs. Given
that Mel-18 shares domain structure with Bmi-1, there
seems to be some functional redundancy between the
two molecules in HSCs.
HSCs are maintained and expanded through self-
renewal. HSC self-renewal secures its high repopulation
capacity and multilineage differentiation potential through
cell division. If HSCs fail to self-renew, they differentiate
to lower orders of progenitors with limited proliferative
anddifferentiation potential. Paired daughter cell assays
that monitor the behavior of HSCs in vitro (Suda et al.,
1984; Takano et al., 2004) demonstrated that Bmi-1 isFigure 6. Enhancement of Repopulation Activity of HSCs by
essential for CD34KSL cells to inherit multilineage dif-Bmi-1 Expression
ferentiation potential through successive cell divisions(A) CD34KSL cells either from wt or p19/ mice were transduced
(Figure 2D). Notably, overexpression of Bmi-1 inwith indicated retroviruses andwere further cultured in the presence
CD34KSL cells promoted their symmetrical cell divi-of SCF and TPO. Competitive repopulation assays were performed
by using cultured cells at day 10 corresponding to 20 initial sion, indicating a higher probability of inheritance of
CD34KSL cells per recipient mouse. Percent chimerism of donor stemnessmediated byBmi-1 (Figure 5). This is evidence
cells 12 weeks after transplantation is plotted as dots and their of successful genetic manipulation of HSC self-renewal
mean values are indicated as bars. *p  0.001.
in vitro. These clonal observations together with func-(B) Percent chimerism in each lineage and RU of each population
tional rescue of Bmi-1/ HSC both in vitro and in vivoare presented.
strongly support an essential role of Bmi-1 in HSC(C) RT-PCR analysis was performed on the wt CD34KSL cells that
were transduced with the indicated retrovirus and cultured for 14 self-renewal.
days in the presence of SCF and TPO. The central role for Bmi-1 in HSC self-renewal was
also demonstrated by overexpression experiments of
PcG genes in HSC. The Bmi-1-mediated growth advan-Mel-18 and M33 genes are highly expressed in HSCs
tage was largely restricted to the primitive hematopoi-(Figure 1A),Mel-18/ andM33/HSCs showedmild or
etic cells. During ex vivo culture, total cell numbers werenodefects and retained long-term repopulating capacity
almost comparable to the control while a net 56- to 80-(Figure 1B). Accordingly, overexpression of PcG genes
fold CFU-nmEM expansion and 15- to 35-fold higher
in HSCs demonstrated that only Bmi-1 enhances HSC
repopulation activitywere obtained in theBmi-1 cultures
function, whereasM33 completely abolishes HSC func-
(Figures 4 and 6). In agreement with these data, symmet-
tion (Figures 4 and 6). All these findings clearly address
rical cell division of HSC was promoted in the Bmi-1
a central role for Bmi-1 in the maintenance of HSC and cultures (Figure 5), suggesting enhanced probability of
suggest that the level of Bmi-1 protein is a critical deter- HSC self-renewal and progenitor expansion mediated
minant for the activity of the PcG complex in HSC. Bmi-1 by Bmi-1 overexpression. Importantly, transduction of
may behave as a core component of the PcG complex Bmi-1 into CD34KSL progenitor cells did not enhance
in recruiting molecules essential for gene silencing or their colony-forming efficiency or in vivo repopulating
provide a docking site for DNA-binding proteins, such capacity at all (Supplemental Figure S4). These find-
as Plzf on HoxD gene regulatory elements (Barna et ings suggest that Bmi-1 preferentially promotes HSC
al., 2002) and E2F6 that targets multimeric chromatin self-renewal and MPP expansion but does not confer
modifiers to E2F- and Myc-responsive genes (Trimarchi growth advantage or long-term repopulation capacity
et al., 2001; Ogawa et al., 2002). On the other hand, the on CD34KSL progenitor cells with limited differentia-
finding that M33 is dispensable in the maintenance of tion potential. Although Bmi-1-transduced HSC estab-
definitive HSC is surprising. Both Bmi-1 and M33 are lished higher repopulation in vivo, chimerism of Bmi-1-
involved in the maintenance of homeotic gene expres- transduced HSC progenies reached its plateau between
sion pattern through development, and strong dosage 2 and 3 months and never showed continuous growth
interactions between the two genes have been observed advantages in vivo. This could be due to silencing of
in this process (Bel et al., 1998). Our finding, however, retroviral Bmi-1 expression in vivo as suggested by a
presents a possibility that M33 does not contribute to significant decrease in GFP intensity detected by flow
the Bmi-1 PcG complex in HSC. M33 could be recruited cytometric analysis (data not shown). Actually, real-time
to histone H3 Lysine 27 methylated by the Eed-con- PCR analyses demonstrated that the relative expression
taining complex and thereby mediate targeting of the of Bmi-1 in transduced cells to GFP control cells was
Bmi-1-containing complex to PcG targets (Fischle et 5.8  1.3-fold in purified KSL cells from 14 day ex vivo
al., 2003). Thus, M33 is a key molecule for coordinated culture and 1.3  0.1-fold in KSL cells recovered from
regulation of Hox genes by Eed- and Bmi-1-containing reconstituted recipients 6 months after transplantation.
complexes. In contrast, the dispensable role of M33 in Thus,marked enhancement of HSC repopulating capac-
ity might be obtained by enhanced HSC recovery afterHSC correlated well to the reciprocal roles of the two
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ex vivo culture. Alternatively, increased expression of HSCs express most myeloid genes at a low level (Miya-
Bmi-1 may not confer a growth advantage in steady- moto et al., 2002). Bmi-1 in HSC might be involved in
state hematopoiesis once HSC becomes quiescent in repressing differentiation-related gene expression be-
the niche. The comparable effect of Bmi-1 to that of low the level of biological significance. In this regard,
HoxB4, a well-known HSC activator (Antonchuk et al., the role of Bmi-1 in the function of HSC derived from
2002), is noteworthy. Recent findings indicated that ge- C/EBP-deficient mice is of interest. C/EBP is a tran-
netic manipulation of HoxB4 can support generation of scription factor that is required for myeloid differentia-
long-term repopulating HSCs from ES cells (Kyba et al., tion. Of note is that C/EBP/ HSCs demonstrate in-
2002), and ex vivo expansion of HSCs can be obtained creased Bmi-1 expression and enhanced repopulation
by direct targeting of HoxB4 protein into HSCs (Amsel- capacity and self-renewal (P. Zhang, et al., 2004 [this
lem et al., 2003; Krosl et al., 2003). Similar to HoxB4, issue of Immunity]). A 3.5-fold increase in Bmi-1 tran-
Bmi-1 could be a novel target for therapeutic manipula- script level in C/EBP/ KSL cells is comparable to a
tionofHSCs.AlthoughPcGproteins regulate expression 5.8-fold increase in our transduced KSL cells and thus
of homeotic genes includingHoxB4 during development could be sufficient to enhance HSC self-renewal capac-
(Takihara et al., 1997), deregulation of Hox genes in ity. Therefore, C/EBP-deficient mice represent the first
definitive hematopoietic cells has not yet been identified mouse model of Bmi-1 overexpression in HSCs that
in mice deficient for PcG genes (Ohta et al., 2002; Park recapitulates our findings described here. The increase
et al., 2003; Lessard and Sauvageau, 2003). In this study, in Bmi-1 expression may mediate many, if not all, of the
HoxB4 expression was not altered in Bmi-1/ KSL cells phenotypic changes in C/EBP/ HSCs and may also
or Bmi-1-overexpressing hematopoietic cells (Figure mediate some of the block in myeloid differentiation
6C). Moreover, forced expression of HoxB4 failed to observed in C/EBP/ mice. Further analysis of the
rescue defectiveBmi-1/HSC function (Figures 3C and underlying mechanisms in Bmi-1/ cells will be needed
3D). These findings are quite interesting and suggest to unveil the relative contributions of Bmi-1 to self-
thatHoxB4 requires functional Bmi-1 to execute its func- renewal and/or differentiation. Finally, however, be-
tion as a HSC activator. In this regard, Bmi-1 could be cause disruption of C/EBP has been described in a
epistatic to HoxB4 or these two molecules may have number of humans with acute myeloid leukemia, it will
some functional crosstalk in the regulation of HSC self- also be of interest to investigatewhetherBmi-1 is upreg-
renewal. Actually, the enhancement of HSC activity by ulated in the leukemic blasts, and whether such upregu-
two genes is highly similar in many aspects. It will be lation contributes to the self-renewal function of leuke-
intriguing to ask how these two molecules work as mic stem cells, which is defective in experimental
HSC activators. models of leukemia in cells lacking Bmi-1 (Lessard and
The mechanism whereby Bmi-1 maintains HSC re- Sauvageau, 2003).
mains to be defined. Although derepression of the Bmi-1
target genes p16 and p19 has been attributed to defec- Experimental Procedures
tive HSC self-renewal, the cell cycle status of CD34KSL
MiceHSCs was not grossly altered in Bmi-1/mice (Supple-
Bmi-1/ mice (van der Lugt et al., 1994), Mel-18/ mice (Akasakamental Figure S3). In addition, apoptosis was not in-
et al., 1996), M33/ mice (Katoh-Fukui et al., 1998), and p19/creased during observation of clonal HSC cultures,
mice (Kamijo et al., 1997) that had been backcrossed at least eight
either. Therefore, a detailed analysis of Bmi-1/p16/ times onto a C57BL/6 (B6-Ly5.2) background were used in this
p19/ HSCs will be necessary to define their roles in study. C57BL/6 (B6-Ly5.2) mice were purchased from Charles River
HSC. Nonetheless, p19/HSCs showed higher repopu- Japan, Inc. Mice congenic for the Ly5 locus (B6 Ly5.1) were bred
and maintained at the Animal Research Center of the Institute oflating capacity than wt control (Figures 6A and 6B), and
Medical Science, University of Tokyo.enhanced HSC repopulating capacity mediated by
Bmi-1 was correlated with repressed p16 and p19 ex-
Purification of Mouse Hematopoietic Stem Cellspression in ex vivo cultured HSCs (Figure 6C). One at-
Mouse hematopoietic stem cells (CD34KSL cells) were purifiedtractive hypothesis is that derepression of p16 and p19
from bone marrow cells of 2-month-old mice. In brief, low-density
genes causes early senescence of primitive hematopoi- cells were isolated on Lymphoprep (1.086 g/ml; Nycomed, Oslo,
etic cells as reported in Bmi-1/ mouse embryonic fi- Norway). The cells were stainedwith an antibody cocktail consisting
broblasts (Jacobs et al., 1999). In the case of multipotent of biotinylated anti-Gr-1,Mac-1, B220, CD4, CD8, and Ter-119mAbs
(PharMingen, San Diego, CA). Lineage-positive cells were depletedhematopoietic cells, senescence could mean acceler-
with streptavidin-magnetic beads (M-280; Dynal Biotech, Oslo, Nor-ated differentiation and early cell cycle exit as observed
way). The cells were further stained with fluorescein isothiocyanatein Bmi-1/mice. In BM, HSCs reside in a niche in close
(FITC)-conjugated anti-CD34, phycoerythrin (PE)-conjugated anti-contact with supporting cells like osteoblasts (Zhang et
Sca-1, and allophycocyanin (APC)-conjugated anti-c-Kit antibodies
al., 2003; Calvi et al., 2003), in which most of the HSCs (PharMingen). Biotinylated antibodies were detected with streptavi-
stay in the G0 stage. The quiescence of HSCs has a din-Texas Red (Molecular Probes, Eugene, OR). Four-color analysis
critical biological importance in preventing premature and sorting were performed on a FACS Vantage (Becton Dickinson,
San Jose, CA).HSC exhaustion (Cheng et al., 2000). Taken together,
HSC stemness might be maintained by a fine regulation
Transduction of CD34KSL Cellsof the cell cycle machinery.
The murine Bmi-1 and Mph-1 cDNAs were FLAG-tagged at theirAdditional mechanisms regulating self-renewal could
amino terminus. The retroviral vector GCDNsam (pGCDNsam), with
be responsible for preventing differentiation (Wang and an LTR derived from MSCV, has intact splice donor and splice
Lin, 2004). We found that forced expression of Bmi-1 acceptor sequences for generation of subgenomic mRNA (Kaneko
inhibits differentiation of an immature hematopoietic cell et al., 2001). Murine Bmi-1,Mph-1,M33,Mel-18, Bcl-xL, and human
HoxB4 cDNAs were subcloned into a site upstream of an IRES-line (M.N., unpublished data). It is well recognized that
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EGFP construct in pGCDNsam. To produce recombinant retrovirus, Harrison’s method (Harrison et al., 1993) as follows: RU  (percent
donor cells)  (number of competitor cells)  105/100  (percentplasmid DNA was transfected into 293gp cells (293 cells containing
the gag and pol genes but lacking an envelope gene) along with a donor cells). By definition each RU represents the repopulating ac-
tivity of 1 105 BMcells. In this study, the number of BMcompetitorsVSV-G expression plasmid by CaPO4 coprecipitation. Supernatants
from transfected cells were concentrated by centrifugation at was fixed as 2  105 cells. T/C ratio defined above was applied to
Harrison’s formula as follows: RU  T/C ratio  2.6000  g for 16 hr and then resuspended in -MEM supplemented
with 1% fetal calf serum (FCS) (1/200 of the initial volume of superna-
tant). Virus titers were determined by infection of Jurkat cells (a Semiquantitative RT-PCR and Real-Time PCR
human T cell line). CD34KSL cells were deposited into recombinant SemiquantitativeRT-PCRwas carried out by using normalized cDNA
fibronectin fragment (Takara Shuzo, Otsu, Japan)-coated 96-well by the quantitative PCRwith TaqMan rodent GAPDH control reagent
microtiter plates at 50–150 cells per well, and were incubated in (Perkin-Elmer Applied Biosystem, Foster City, CA) as described be-
-MEM supplemented with 1% FCS, 100 ng/ml mouse stem cell fore (Osawa et al., 2002). PCR products were separated on agarose
factor (SCF), and 100 ng/ml human thrombopoietin (TPO) (Pepro- gels and visualized by ethidium bromide staining. Real-time PCR
tech, Rocky Hill, NJ) for 24 hr. Then cells were transduced with a was done with SYBR Green PCR master mix (Perkin-Elmer Applied
retrovirus vector at a multiplicity of infection (MOI) of 600 in the Biosystem) according to the manufacturer’s instruction. Primer se-
presence of protamine sulfate (5 	g/ml; Sigma, St. Louis, MO) for quences and amplification conditions are available from the authors
24 hr. After transduction, cells were further incubated in S-Clone on request.
SF-O3 (Sanko Junyaku, Tokyo, Japan) supplemented with 1% FCS,
100 ng/ml SCF, and 100 ng/ml TPO and subjected to in vitro colony
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